Magnaporthe oryzae, the ascomycete fungus that causes rice blast disease, initiates conidiation in response to light when grown on Prune-Agar medium containing both carbon and nitrogen sources. Macroautophagy/autophagy was shown to be essential for M. oryzae conidiation and induced specifically upon exposure to light but is undetectable in the dark. Therefore, it is inferred that autophagy is naturally induced by light, rather than by starvation during M. oryzae conidiation. However, the signaling pathway(s) involved in such phototropic induction of autophagy remains unknown. We identified an M. oryzae ortholog of GCN5 (MGG_03677), encoding a histone acetyltransferase (HAT) that negatively regulates light-and nitrogen-starvation-induced autophagy, by acetylating the autophagy protein Atg7. Furthermore, we unveiled novel regulatory mechanisms on Gcn5 at both transcriptional and post-translational levels, governing its function associated with the unique phototropic response of autophagy in this pathogenic fungus. Thus, our study depicts a signaling network and regulatory mechanism underlying the autophagy induction by important environmental clues such as light and nutrients.
Introduction
Rice-blast disease caused by the filamentous ascomycete M. oryzae is responsible for significant crop losses globally and annually.
1 M. oryzae forms aerial hyphae (the hyphae that grow perpendicular into the air from the vegetative mycelial mat), when grown in darkness; whereas conidiation, formation of asexual spores, is initiated in response to light exposure. 2 These fungal asexual spores known as conidia are the key determinant of the spread and severity of blast disease as they can be easily dispersed and transmitted by air. 3 Functional analysis of several autophagy genes in M. oryzae, including MoATG1, MoATG8, 7, 8 MoATG9, 9 and MoATG24, 10 etc, has established the link between autophagy and fungal development. A systematic characterization of 16 genes essential for nonselective autophagy in M. oryzae demonstrates that autophagy is important for the establishment of rice blast disease. 11 Overall these studies demonstrate a critical role of autophagy, including nonselective autophagy and some selective types of autophagy (e.g. mitophagy), in M. oryzae conidiation and/or infection. Autophagy likely serves diverse functions including programmed cell death, maintaining integrity of lipid bodies, and glycogen catabolism. 4, 7, 8 Autophagy is a highly conserved catabolic process in eukaryotes, responsible for vacuolar (lysosomal) degradation of proteins, membranes and organelles. Autophagy is induced during several biological processes in response to environmental stress or pathogen invasion, and cellular remodeling during development and differentiation. [12] [13] [14] The molecular basis of autophagy has been thoroughly investigated in yeasts and mammalian cells, by identification and functional characterization of 41 ATG genes (AuTophaGy) thus far. [15] [16] [17] Among these genes, ATG8 has been established as the most reliable marker for autophagy induction and autophagy-associated vesicular compartments. [18] [19] [20] MoATG8, the homolog of the yeast ATG8, is required for proper conidiation and pathogenicty in M. oryzae, and autophagy is naturally induced by light, the external stimulus for conidiation. 8 Lightinduced autophagy can be visualized as vesicular RFP-Atg8 signal distributed in vegetative mycelia as well as conidiation-related structures, including aerial hyphae, conidiophore and conidia. 8 The findings pave the way to investigate the molecular mechanisms underlying such light-induced autophagy.
Recent studies unveil that histone acetyltransferase (HATs) and the histone deacetylases (HDACs) can directly modify autophagy proteins to regulate autophagy induction. [21] [22] [23] Our previous study on phototropism in M. oryzae identifies a HATencoding gene, GCN5, as light responsive. 24 HATs catalyze acetylation of histones on specific lysine residues, 25 and thus epigenetically regulate global gene transcription, stress response, and metabolic flux in plants [26] [27] [28] and yeasts. 29, 30 The family of GNATs (GCN5-related N-acetyltransferases) also has a function in drug resistance in bacterial pathogens. 31, 32 Recent clinical evidence suggests that Gcn5 may play a role in the pathology of cancer, asthma, COPD (chronic obstructive pulmonary disease) and Parkinson disease. 33, 34 In this study, we identified Gcn5 as an autophagy repressor in M. oryzae. The Gcn5 protein may shuttle between the cytosol and nucleus, and undergo post-translational cleavage and/ or degradation in response to light. Our results suggest that Gcn5 acetylates Atg7 and thus represses autophagy in dark. Furthermore, Gcn5 may also regulate transcription of conidiation-related transcriptional regulator gene TFB5. Taken together, we propose that light induces TFB5 transcription via Gcn5, and meanwhile derepresses autophagy by removing the Gcn5-catalyzed acetylation on Atg7, to promote asexual reproduction in the rice blast fungus.
Results
Identification of the GCN5 genes in M. oryzae
We found 2 GCN5 genes, MGG_03677 and MGG_11716 in the M. oryzae genome. Sequence identity and similarity between these 2 Gcn5 proteins was 69.7% and 78.9%, respectively, as predicted by Needle (http://www.ebi.ac.uk/Tools/psa/emboss_ needle/; Fig. S1 ). We named MGG_03677 as GCN5, and MGG_11716 as GCN5b. Given that our previous study on phototropism in M. oryzae identifies MGG_03677 as a light-inducible gene 24 while MGG_11716 does not seem to respond to light exposure at the transcriptional level (data not shown), we focused here on GCN5 (MGG_03677) as a candidate gene to investigate phototropic induction of autophagy and conidiation in M. oryzae.
Gcn5 negatively regulates autophagy
To investigate the relationship between Gcn5 (which hereafter refers exclusively to MGG_03677) and autophagy during light-induced conidiation, we generated the gcn5D mutant by homologous recombination (Fig. S2A) , and the GCN5OX strain (that overexpresses an N-terminal tagged GFP-Gcn5 fusion protein), both in an RFP-ATG8 background. The gcn5D mutant, and the GCN5OX strain were verified by Southern blot (Fig. S2B) , and the transcriptional level of GCN5 in the gcn5D mutant or GCN5OX strain was examined by RT-PCR, with the wild-type (WT) RFP-ATG8 strain as control (Fig. S2C) .
Next, we examined phototropic induction of autophagy in the gcn5D and GCN5OX strains. Autophagy was induced by light in the WT strain, visualized as punctate or vacuolar RFPAtg8 signals (Fig. 1A) , whereas in the gcn5D mutant, RFP-Atg8 Figure 1 . Gcn5 represses light-induced autophagy. (A) RFP-Atg8 in dark-or light-cultured mycelia of the WT, gcn5D and GCN5OX strains. Scale bar: 5 mm. (B) Total protein lysates from the indicated strains were analyzed by immunoblotting with anti-RFP antibodies, under light or dark conditions. The extent of autophagy was estimated by calculating the amount of free RFP compared with the total amount of intact RFP-Atg8 and free RFP (the numbers appear underneath the blot). Densitometric analysis was performed using ImageJ (https://imagej.nih.gov/ij/). (C) GFP-Gcn5 signal in the GCN5OX strain appears nuclear (arrowhead) as well as cytosolic (arrow). Scale bar: 5 mm. DIC, differential interference contrast. appeared as small vesicles (autophagosomes) or vacuoles in both dark or light culture conditions (Fig. 1A) . In contrast, RFP-Atg8 was undetectable in the GCN5OX mycelia grown either in presence or absence of light (Fig. 1A) . The immunoblot analysis supported our interpretation that Gcn5 represses autophagy in M. oryzae. In WT, the amount of RFP peptide (cleaved from RFPAtg8 fusion protein when autophagosomes fused with vacuoles; the band at the size of 26 kDa) was elevated/induced in response to light (Fig. 1B) , suggesting that autophagy induction was enhanced. In the GCN5OX strain, however, little or no RFP band was detected in dark or light conditions (Fig. 1B) . Autophagy activity was elevated upon loss of Gcn5, as RFP was detected in both dark and light conditions in the gcn5D mutant (Fig. 1B) . Overall, we conclude that light-induced autophagy is repressed by Gcn5, although GCN5 was initially identified as a light-inducible gene in M. oryzae.
We examined the subcellular localization of the Gcn5 protein in either light or dark conditions, by visualizing the overexpressed GFP-Gcn5 signal. GFP-Gcn5 appeared cytosolic (Fig. 1C , arrow) as well as nuclear (Fig. 1C , arrowhead). We costained the GFP-GCN5 mycelia with the fluorescent dye DAPI to verify the nuclear localization. Punctate GFP-Gcn5 colocalized well with the DAPI-stained nuclear compartment (Fig. S2D ), thus confirming its nuclear localization. We infer that Gcn5, the histone modifier, likely moonlights as a cytosolic protein during asexual development in M. oryzae.
To test whether the repression on autophagy by Gcn5 is through transcriptional regulation of the ATG8 gene, we performed RT-PCR using total RNA from the mycelial cultures of WT, GCN5OX and gcn5D mutant exposed to light for 0, 2, 4, and 6 h. The input of total RNA was normalized and served as loading control (Fig. S2E) . ATG8 transcripts at different time points of light exposure were in general comparable in the same strain (Fig. S2E) , which seems to rule out the possibility that the light induced Gcn5 may regulate autophagy via repressing ATG8 transcription. However, we noticed that ATG8 transcripts were overall lower in the gcn5D mutant than that in the WT or the GCN5OX strain (Fig. S2E) , indicating that Gcn5, the histone modifier and transcriptional activator, may at least partially play a role in activating ATG8 transcription. Nevertheless, given that autophagy was hyperinduced, instead of reduced, in the gcn5D mutant, compared with that in the WT (Fig. 1A and B) , and that Gcn5 might be partially required for transcriptional expression of ATG8, we conclude that repression of autophagy by Gcn5 does not occur via transcriptional modulation of ATG8.
Considering that starvation is a well-established external stimulus to induce autophagy, 35 although M. oryzae conidiation could not be induced solely by starvation in dark (our unpublished data), we next asked whether starvation-induced autophagy is repressed by Gcn5. The vegetative mycelia of WT, gcn5D and GCN5OX mutants were cultured in CM (nitrogen replete) and shifted to MM-N (nitrogen starvation) for further 6 h to induce autophagy. Interestingly, autophagy was induced in the gcn5D mutant even in CM, while induction of autophagy was repressed by overexpressed GCN5, under nitrogen starvation as shown by microscopic analysis (Fig. 2A) . Under extended nitrogen starvation (12 h), RFP-Atg8 appeared as faint punctate structures in the cytosol, and was undetectable in the vacuoles in the GCN5OX mutant (Fig. S2F) . In contrast, WT mycelia showed spherical vacuoles, with weak RFP signal in its lumen (Fig. S2F, arrowheads) under such extended starvation. We inferred that prolonged nitrogen starvation in the presence of continuous light, results in an incomplete or aberrant induction of autophagy, as visualized by the RFP-Atg8 puncta that failed to fuse with the vacuoles. Such RFP-Atg8 puncta likely represent incomplete PAS (phagophore assembly site) structures. Biochemical analysis using CM (nitrogenreplete) cultured and nitrogen starved (12 h) mycelia of WT, GCN5OX and gcn5D strains confirmed that nitrogen starvation based autophagy induction was also repressed by overexpressed GCN5 while hyperactivated with loss of the GCN5 gene (Fig. 2B) . Cumulatively, the above results demonstrate that Gcn5 also represses autophagy in M. oryzae under nitrogen starvation conditions.
Gcn5 represses autophagy by acetylation of Atg7
We screened for potential regulator(s) of autophagy in response to light by immunoprecipitation using GFP-Gcn5 as bait (Fig. S2G) , and identified the immunoprecipitated (IP) proteins by mass spectrometry. GFP and Gcn5 proteins were among the identified proteins thus further validating the reliability of our earlier results. As expected, histones 2B, 3 and 4 were all identified as the Gcn5-interacting proteins (data not shown), confirming the involvement of Gcn5 in acetylation of histones. More importantly, we identified several proteins with established functions in autophagy regulation, including autophagy proteins Atg8 and Atg27 (Table 1) , which might also physically interact with Gcn5.
We further compared the acetylated proteins differentially present in GCN5OX and gcn5D mutants, and identified the possible acetylated lysine residue(s), by LC-MS/MS. Selected acetylated proteins and the predicted acetylated residues are listed in Table 2 . As expected, histones 2A, 2B, 2A.Z, 3, 3-like and 4 were identified, indicating the reliability of the LC-MS/ MS analyses. Noticeably, most of the acetylated lysine residues were present in both GCNOX and gcn5D samples, and at comparable levels (0.5<intensity ratio<2, Table 2 ). This suggests that acetylation of histone proteins did not depend entirely on the Gcn5 function. Among the acetylated proteins identified, we noticed that Atg7, encoded by MGG_07297, contained an acetylated lysine residue at 338, which was present only in the GCN5OX strain but absent in gcn5D ( Fig. 3A ; Table 2 ). This indicated that acetylation of Atg7 at K338 might be specifically catalyzed by Gcn5. Interestingly, another identified acetylated site, Lysine107, did not depend on Gcn5 function as it was acetylated in the gcn5D mutant as well as in the GCN5OX strain (Table 2) .
Atg7 is a ubiquitin-like modifier-activating enzyme that participates in post-translational processing of Atg8 for autophagy induction. 36 Therefore, we speculated that acetylated Atg7 may be an inactive form and that light induces autophagy by removing such Atg7 acetylation. To test this hypothesis, we expressed an Atg7-RFP fusion protein in both the WT and GCN5OX backgrounds, and observed the subcellular localization of Atg7-RFP fusion protein in the dark-light cycles. Atg7-RFP appeared cytosolic in dark-grown mycelia in the WT, whereas it became punctate, presumably corresponding to the PAS, or vacuolar in response to light exposure (Fig. 3B ). In contrast, Atg7-RFP remained cytosolic in GCN5OX mycelia in both dark and light culture conditions (Fig. 3B, arrowheads) . We further detected Atg7 acetylation by immunoblot with RFP-Trapped proteins against the antiacetyl lysine (anti-acK) antibody. Acetylation of Atg7 appeared higher in the GCN5OX mutant, both in dark or light conditions, compared with the WT (Fig. 3C ). The acetylation level of Atg7-RFP protein decreased significantly in response to light exposure in the WT, while it was retained in the GCN5OX strain, likely due to prolonged activity and function of Gcn5 therein (Fig. 3C) . Similarly, overexpression of GCN5 resulted in elevated levels of Atg7 acetylation even under nitrogen starvation (Fig. 3D ). Nitrogen starvation also induced punctate Atg7-RFP in WT mycelia, whereas cytosolic Atg7-RFP was predominant in the GCN5OX mycelia cultured both in rich or nitrogen-depleted medium (Fig. 4A) . These results indicate that starvation-induced autophagy could also be effectively repressed by continued Gcn5-catalyzed acetylation of Atg7. 
Light-dependent transcriptional regulation of GCN5
It was puzzling that light-inducible GCN5 could repress the photo-induced autophagy in M. oryzae. To explore possible light-dependent regulation of Gcn5 function, we attempted to screen for light responsive elements (LREs) in the promoter region of GCN5. Two Gap boxes as 5 0 -ATGAA(G/A) A-3 0 repeats essential for light induction of the GapA and GapB genes in plants 37 were found at ¡936 to ¡928 and ¡918 to ¡911 (Fig. 4B, green highlighted) . In addition, a 5 0 -CACGTG-3 0 E-box sequence, which is a negative regulatory element modulating light-dependent gene expression identified in flies, 38 was also found at ¡179 to ¡173 (Fig. 4B , red highlighted). We generated the constructs carrying eGFP reporter gene under the control of WT, M1 or M2 mutated promoters of GCN5, as illustrated in Fig. 4B , and individually expressed them in the wild-type M. oryzae strain. The light-dependent regulation of GCN5 promoter activity was verified by RT-PCR with eGFP-specific primers (Fig. 4C , Table S1 ). In parallel, we tested the transcription of GCN5 during the time-course analysis of light exposure, using RT-PCR with GCN5-specific primers (Table S1) , and found that the GCN5 transcripts were increased subtantially during the time-course of light exposure (Fig. 5C) .
Under an epifluorescence microscope, WT-eGFP showed faint/weak signal in dark and was significantly enhanced under light (Fig. S3A ). M1-eGFP showed a relatively higher eGFP signal in both dark and light conditions, compared with that in WT-eGFP (Fig. S3A) , confirming that E-box serves as a negative element to repress gene expression in the dark. On the other hand, M2-eGFP was not induced by light (Fig. S3A) , suggesting the key role of Gap boxes in light signaling. The light-dependent regulation of GCN5 promoter activity was further verified by immunoblot with anti-GFP antiserum (Fig. S3B) .
Overall, we conclude that the Gap box acts as a positive element for light-induced expression of GCN5, while the E-box represses the GCN5 transcription in the dark and confers the light-dependent expression of GCN5 together with the Gap box.
Post-translational processing of Gcn5 in response to light
We generated a strain with GCN5-mCherry driven by its native promoter and at its genomic locus, as illustrated in Figure S3C . In the dark, Gcn5-mCherry signal was undetectable or appeared as dim, cytosolic signal (Fig. 4D) . At 12h post-photo-induction, we observed weak nuclear localization of Gcn5-mCherry, which overlapped with Tfb5-GFP, a nuclear marker specific to light induction ( Fig. 4D and  S3D) . 24 In immunoblot analysis using anti-RFP antibody, 2 bands of approximately 36 and 20 kDa were detected, and were clearly more abundant in light-cultured mycelia (Fig. S3E , denoted by #). We infer that these were partial Gcn5-mCherry fusion protein variants, as the size was smaller than the calculated molecular mass of full-length Gcn5-mCherry (Gcn5 as approximately 44 kDa and mCherry as 26 kDa, Fig. S3C ). The cleaved C-terminal region of Gcn5 tagged with mCherry was calculated as 9 to 10 kDa, corresponding to about 100 amino acids. As shown in the schematic representation of Gcn5 protein domain organization (Fig. S3C) , Gcn5 contains an N-terminal acetyltransferase (NAT) domain that catalyzes histone acetylation, and a C-terminal bromodomain, that interacts specifically with acetylated lysine. The cleaved C-terminal 100-amino acid peptide of Gcn5 corresponds exactly to the bromodomain. We inferred that histone acetylation increases in response to light exposure, leading to increased association between acetylated histone and Gcn5 bromodomain, resulting in its nuclear retention. The subcellular localization of the NAT domain was not visualized by Gcn5-mCherry, but could be followed in the GFP-GCN5 OX strain, as both nuclear and cytosolic (Fig. 1C) . Immunoblot with anti-GFP antibody against total lysates from darkand light-cultured GFP-GCN5 OX strain confirmed that a cleavage occurs between the NAT domain and the C-terminal bromodomain, as a band corresponding to 60 kDa was detected (Fig. S3F, triangle) and assumed as GFP-NAT. The full-length GFP-Gcn5 fusion protein (70 kDa) was also proteins from total lysates of dark or light cultured WT or GCN5OX mutant were subjected to immunoblotting with anti-acK antibody. Detection with anti-RFP serves as loading control. Relative abundance of acetylated Atg7 was calculated as a ratio of acK/RFP band, with densitometric analysis performed by ImageJ software (https:// imagej.nih.gov/ij/). The numbers under the blots are relative fold change, as normalized to the lane of WT dark, which was arbitrarily set as 1.00. (D) RFP-IP (immunoprecipitated) proteins from total lysates of liquid-cultured WT or GCN5OX mutant, in either rich (CM) or nitrogen-depleted (MM-N) medium, were subjected to immunoblotting with anti-acK antibody. Detection with anti-RFP serves as loading control. The relative fold changes of acetylated Atg7 were calculated following the same way as in Figure 3C , and labeled under the blots. detected (Fig. S3F, asterisk) , and it appeared more abundant in the dark-cultured mycelia than in the light-cultured mycelia, likely due to light-triggered cleavage of Gcn5. The cleaved NAT domain may be unstable, as multiple bands of various sizes were detected, likely as intermediates of protein degradation (Fig. S3F, double triangles) . A 26-kDa fragment, corresponding to GFP peptide alone, was also detected (Fig. S3F, double asterisk) . Overall, we propose that the NAT domain and the bromodomain of Gcn5 protein are likely cleaved and separated upon light induction.
The bromodomain was retained in the nucleus, likely by associating with the acetylated histones; while the cytosolic NAT domain was subjected to subsequent degradation. This could partially explain why light-inducible GCN5 represses light-induction of autophagy in M. oryzae: as light likely destabilizes the Gcn5 protein and thus relieves its repression on autophagy via Atg7 acetylation. In the dark, although the GCN5 transcription is low, the basal level of Gcn5 protein may be intact and stable, and it localizes in the cytosol to keep Atg7 acetylated and inactive. Table S1 . Total RNA (2 mg) serves as a loading control. (D) Subcellular localization of Gcn5-mCherry under dark or light conditions. Arrow denotes the colocalization of Gcn5-mCherry with nuclear Tfb5-GFP, upon light induction. Scale bar: 10 mm.
Gcn5 regulates M. oryzae conidiation
We further investigated the biological function of Gcn5 by analyzing vegetative growth, circadian banding of vegetative colony in dark-light cycles, conidiation and pathogenicity of the gcn5D, GCN5-complemented strain and GCN5OX mutants, with WT strain as a control. Radial growth was significantly slower in the gcn5D mutant (radius D 1.53 § 0.02 cm; P<0.01), while marginally faster in the GCN5OX mutant (radius D 2.35 § 0.03 cm; 0.05<P<0.1), compared with WT (radius D 2.28 § 0.02 cm), after growth in dark for 7 d. The reduction of radial growth could be fully restored in the GCN5-complemented strain (radius D 2.20 § 0.04 cm; P D 0.18), verifying that such growth defect was indeed caused by the loss of GCN5 function. The banding of gcn5D colony was comparable to that of WT, although the mutant colony was smaller than WT (Fig. 5A) . Similarly, the GCN5OX strain showed a banding pattern comparable to that of WT (Fig. 5A) , suggesting that Gcn5 may not be a core component or regulator of the circadian clock in M. oryzae.
Under the light, conidiation was largely increased in the gcn5D mutant, while reduced approximately 50% in the GCN5OX strain, compared with the WT (Fig. 5B, P<0.05 ). In the dark, the WT and the GCN5OX mutant produced hardly any conidia while the gcn5D mutant was able to produce significantly more conidia than the WT (Fig. 5B, P<0.05) . The conidiation of the GCN5-complemented strain was comparable to that of the wild-type strain (P>0.1), but distinct from either the gcn5D mutant or the GCN5OX mutant (P<0.05; Fig. 5B ). We previously showed that Tfb5 is a light-inducible transcriptional factor and essential for M. oryzae conidiation. 23 Here, we further verified whether overexpressed GCN5 could repress conidiation via transcriptional repression of the TFB5 gene. As shown in Fig. 5C, TFB5 was induced during the time-course of light exposure in the WT strain as well as in the gcn5D mutant, while it was constantly induced in the GCN5OX strain in either dark or light conditions (Fig. 5C) . Therefore, we conclude that GCN5 is involved but not essential for TFB5 transcription, and the reduced conidiation in the GCN5OX strain is not caused by repression of the TFB5 transcription.
We inferred that Gcn5 may repress conidiation in the dark, likely by repressing autophagy. To further confirm this hypothesis, we deleted the ATG1 gene in both gcn5D and GCN5OX mutants (Fig. S4A and B) , as ATG1 has been reported to be essential for autophagy in M. oryzae as the Moatg1D mutant showed significant reduction in conidia production. 4 The resultant atg1D gcn5D double mutant was significantly reduced in conidiation (Fig. 5D, P<0.05) , which was similar to the reported phenotypic defects of the Moatg1D mutant. 4 Conidiation was also reduced in the atg1D GCN5OX mutant (Fig. 5D , P < 0.05). This suggests that conidiation phenotype observed in gcn5D and GCN5OX mutants were indeed related to autophagy activity.
Although the gcn5D mutant produced abundant conidia, such conidia were unable to infect the host successfully. Infection assays with barley leaf explants showed that the gcn5D conidia were significantly reduced in pathogenicity, while WT or GCN5OX conidia were able to cause typical blast disease lesions (Fig. 5E) . The gcn5D conidia could better infect the wounded leaves than the intact leaves, however, the infection was still weaker than the wild-type conidia did, under the same conditions (Fig. 5E) . Furthermore, regulation of autophagy as well as pathogenicity by the GCN5 gene was verified (Fig. S4C  and D) .
The reduced pathogenicity upon GCN5 deletion may result from the oxidative stress response mediated by Gcn5 as reported for its yeast, fungal or mammalian orthologs. 30, 39, 40 The sensitivity assay toward hydrogen peroxide further confirmed that gcn5D was hypersensitive to oxidative stress, compared with the WT or the GCN5OX strain (Fig. 5F ). Pathogenicity assays with mycelial plugs of the atg1D, atg1D gcn5D, or atg1D GCN5OX strains were also performed, with intact or wounded barley leaves, and the result showed that these 3 strains were incapable of causing blast disease (Fig. S4E) , consistent with the previous reports on the essential role of autophagy in M. oryzae infection.
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Discussion
In eukaryotic organisms, HAT complexes are coactivators important for transcriptional activation by modifying chromatin. [41] [42] [43] In this study, we identified an ortholog of GCN5 from M. oryzae, encoding a component of the HAT complex important for M. oryzae conidiation and pathogenicity. We also identified a GCN5 paralog, namely GCN5b, in M. oryzae genome. GCN5b is not required for M. oryzae conidiation or pathogenicity and hence was not characterized further in this study. Recently, it has been reported that Hat1 regulates the stress response and virulence in Candida albicans. 44 The GCN5 ortholog is involved in morphological transition and virulence in C. albicans 45 and Ustilago maydis. 46 But overall, the knowledge on physiological functions of HAT or HDAC components and associated regulatory mechanisms in pathogenic fungi is really limited, and potential phototropic regulation of these Gcn5 HATs was not predicted or verified. To our knowledge, involvement of HAT in fungal asexual production has not been documented previously, therefore, the findings from this study add not only a new member to the list of HATs that are essential for fungal development and pathogenicity, but also further expand the biological functions modulated by HATs, and importantly, for the first time, reports a phototropic signaling pathway and a regulatory mechanism mediated by protein acetylation and deacetylation cycles. A yeast HAT Esa1 and its mammalian ortholog KAT5/ TIP60 acetylate Atg3/ATG3 or Atg1/(mammalian ULK1/2) respectively, to induce autophagy in response to physiological cues. 21, 22 In M. oryzae, the Esa1 ortholog is not involved in regulating autophagy or conidiation (our unpublished data). Instead, Gcn5 represses autophagy, in contrast to yeast Esa1 or mammalian KAT5, without light. We found that Gcn5 directly acetylates Atg7 to repress autophagy induction, which is consistent with the observation that acetylation of ATG7 by EP300/ p300 acetyltransferase in mammalian cells inhibits autophagy, 47, 48 and that SIRT1-catalyzed deacetylation of autophagy protein is required for autophagy induction in mouse. 49 A recent study shows that anacardic acid, a nonspecific HAT inhibitor, is effective in preventing M. oryzae pathogenicity. 50 Anacardic acid has been demonstrated to directly inhibit histone acetyltransferases (HATs) like EP300/p300, KAT2B/ PCAF and KAT5/Tip60 51 and to induce autophagy in human lung carcinoma A549 cells. 52 Our results are consistent with these reports in that the gcn5D mutant was reduced in pathogenicity, and showed elevated autophagy activity. Besides direct modification on cytosolic autophagy proteins, HATs including Gcn5 may also regulate autophagy via histone modification. It has been reported that histone H3 hyperacetylation in Drosophila melanogaster, is associated with transcriptional downregulation of several autophagy-essential ATG genes, including ATG5, ATG7, and ATG14, which may restrict autophagic activities. 53 Our study also proved that ATG8 transcription was not repressed upon GCN5 overexpression, instead, it depended on GCN5 for its transcription (Fig. S2E) . However, we did not rule out the possibility that overexpressed GCN5 may also lead to hyperacetylation of target histones and likely downregulation of ATG genes, thus resulting in the observed repression of autophagy pathway.
Our results showed that Gcn5 is subject to regulation by a dark-light cycle via the positive and negative LREs located in its promoter region. Interestingly, we also found same LREs in GCN5 orthologs in C. albicans and Ustilago maydis, as well as in the Ep300/p300 acetyltransferase gene in Mus musculus (Fig. S4F) , although whether these GCN5 orthologs were also subjected to light modulation through LREs, remains to be functionally verified. Overall, our study demonstrates a novel light-responsive pathway mediated by Gcn5 to induce autophagy and conidiation in the rice-blast fungus M. oryzae. Such phototropic regulation on autophagy induction might be conserved in eukaryotic organisms, given that the LREs are conserved in the promoter regions of several HAT-encoding genes in other organisms. We are still unclear about the biological significance of light-induction of GCN5 transcription, as light subsequently destabilizes this gene product. We attempted to examine the dependence of conidiation-related gene TFB5 transcription on GCN5, as yeast Gcn5 is known to be a TFB5 activator, 54 in response to carbon homeostasis and/or hypoxia, 55, 56 but not to light. Our result showed that TFB5 transcripts accumulated in the WT strain during light exposure (Fig. 5C) . Such light-induction of TFB5 transcription was not dependent on GCN5 as the level of TFB5 transcription in the gcn5D mutant was comparable to that of WT (Fig. 5C ). TFB5 transcription was induced in the dark in the GCN5OX strain but showed no obvious increase in the light condition (Fig. 5C ). This result indicates that Gcn5 is involved but not critical for TFB5 activation, and the reduced conidiation in the GCN5OX strain was not caused by TFB5 repression. We further infer that transcriptional induction of GCN5 by light may be transient, to activate conidiation-related genes including TFB5.
In summary, we propose that light regulates GCN5 expression, as well as stability and subcellular localization of Gcn5 protein during the dark-light cycles. Gcn5 represses autophagy via acetylation on Atg7 in the dark; while it releases repression of autophagy upon photo-induction and subsequent translocation into the nucleus and/or upon degradation. Phototropic induction of GCN5 may contribute to transcriptional regulation of TFB5, which encodes a conidiation-specific transcription factor in M. oryzae. Such phototropic regulation of GCN5 transcription and the stability of the subcellular localization of the Gcn5 protein promote robust light-induced autophagy as well as conidiation in M. Oryzae. Future studies should certainly aim to identify the other targets of the Gcn5 transcriptional activator module, and further investigate the regulatory mode of GCN5 function in M. oryzae.
Materials and methods
Fungal strains and growth conditions
The M. oryzae wild-type strain B157 (Field isolate, mat1-2) was originally obtained from the Directorate of Rice Research, India. M. oryzae strains were propagated on Prune-agar (PA) medium or complete medium (CM) as described. 57 The composition of MM-N (used for nitrogen starvation) was as reported previously. 58 To assess the growth and colony characteristics, M. oryzae isolates were cultivated on CM agar or PA medium, at 28 C for 1 wk. Mycelia used for total protein extraction were obtained by growing the relevant strains in liquid CM for 2 to 3 d, with gentle shaking, followed by inoculation in CM or MM-N for about 6 h. For quantitative analysis of conidiation and testing the pathogenicity, standard procedures were followed. 59 
Plasmid constructs and fungal transformants
To generate gcn5D, the 5 0 UTR and 3 0 UTR were amplified and ligated sequentially into the Agrobacterium Transfer-DNA vector pFGL820 to flank the ILV1 cassette. 23 The resultant plasmid was then transferred into the M. oryzae strain carrying an ectopic RFP-ATG8, 8 to induce a locus-specific knockout. To construct overexpressed GFP-GCN5, GFP was fused in frame to the N-terminus of the GCN5 ORF, and under the constitutive promoter of RP27. 23 The transformed M. oryzae was selected by bialaphos resistance, and with ectopic GFP-GCN5. To construct Gcn5-mCherry, mCherry was fused in frame to the last 0.5 kb of the GCN5 ORF and the plasmid transformed into M. oryzae, such that the mCherry was fused to the GCN5 coding sequence at its genomics locus. For GCN5 complementation, the GCN5 locus, including promoter region (1 Kb), ORF and terminator (0.3 Kb), was PCR-amplified and ligated into pFGL821 (addgene, 58223) WT, M1 and M2 varieties of the GCN5 promoter were synthesized by Thermo-Fisher (Shanghai) and fused with the eGFP coding sequence respectively, on the vector pFGL932 24 (for M1 GCN5Prom-eGFP) or pFGL821 (for WT GCN5Prom-eGFP and M2 GCN5Prom-eGFP). To generate atg1D, the 5 0 UTR and 3 0 UTR were amplified and ligated sequentially into the vector pFGL821 to flank the HPH1 cassette. The resultant plasmid was then transferred into the WT, gcn5D or GCN5OX strains, respectively, to induce a locus-specific knockout. For C-terminal tagging of Atg7 with dsRed, ATG7 ORF was PCR amplified and ligated into pFGL932, under the RP27 promoter. The fragment containing PR27 promoter-ATG7 was released by BamHI/EcoRI double digestion and ligated to pFGL821, followed by ligation of PCR-amplified dsRed CDS into EcoRI site. The RP27 Promoter-ATG7-dsRed sequence was introduced into the WT and GCN5OX strains, as an ecotopic copy. The primers used for gene deletion, complementation and GFP, mCherry or dsRed tagging are listed in Table 3 .
Epifluorescence microscopy
M. oryzae cells expressing fluorescent protein-fused chimera were grown under requisite conditions. Epifluorescence microscopy was performed using an Axio Observer Z1 microscope (Zeiss, Jena, Germany) equipped with an sCMOS camera (PCO Edge, Kelheim, Germany). To visualize the nucleus, mycelia were fixed with 0.1% TritonX and stained with 1 mg/ ml DAPI (Sigma-Aldrich, D9542) at room temperature for 10 min, followed by 3 washes with PBS.
Immunoblotting and immunoprecipitation
For total protein extraction, mycelia grown under requisite conditions were ground into a fine powder in liquid nitrogen and resuspended in 0.3 to 0.5 ml extraction buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% NONI-DET P-40 Substitute (Sigma-Aldrich, IGEPAL Ò CA-630, I3021), with 2 mM PMSF and proteinase inhibitor cocktail (Sigma-Aldrich, cOmplete TM , 11836170001). Lysates were cleared by centrifugation at 13,000 g for 30 min at 4 C. Total protein concentration was measured using the Bio-Rad Protein Assay (500-0006). Samples were resolved by 12% SDS-PAGE followed by western blotting with anti-RFP (rabbit; 1:1,000; Clontech, R10367), or anti-GFP (rabbit; 1:5,000; Invetrogen Molecular Probes, A6455). Secondary antibody was anti-rabbit (1:20,000; HiSec TM HRP-conjugated, Ab202) followed by detection using the SuperSignal West Pico Chemiluminescent substrate (Pierce, 34080). Atg7 acetylation was assessed by immunoblot with RFP-Trapped (Chromotek RFP-Trap Ò _A, rta-100) proteins, against the anti-acetyl lysine (anti-acK) (Abcam, ab61257) antibody. Total lysates from the GFP-Gcn5 strain was subject to immunoprecipitation with GFP-Trap (Chromo Tek, gta-20). The IP proteins were then identified by mass spectrometry (Q Exactive, Thermo Finnigan, US).
Mass spectrometry
Gcn5-IP proteins (about 30 mg) were in-solution digested using trypsin (Sigma-Aldrich, T7409) for 20 h at 37 C, and the digested peptides were subject to Nano-HPLC/ESI-ion trap-MS/MS analysis with Q exactive (Thermo Finnigan, US). Raw MS data files were processed and analyzed using Mascot2. 
Statistical analysis
For quantification of radial growth or conidia production, 3 biological repeats were perform for culculation of average value and standard deviation. P value was culculated with TTEST function in Excel (Microsoft office 2007) with the setting as Two-Sample Assuming Unequal Variances.
Abbreviations
ATG genes autophagy-related genes DAPI 4 0 ,6-diamidino-2-phenylindole DIC differential interference contrast HAT histone acetyltransferase IP immunoprecipitation or immunoprecipitated Table 3 . Oligonucleotide primers used for plasmid construction in this study. 
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